OmpF plays very important roles in the influx of antibiotics and bacterial survival in the presence of antibiotics. However, high-grade mutant OmpF and its function in decreasing bacterial survival rate have not been reported to date. In the present study, we cloned a high-grade mutant OmpF (mOmpF) and sequence analysis suggested that over 45 percent of the DNA sequence was significantly mutated, leading to dramatic changes in over 55 percent of the amino acid sequence. mOmpF protein was successfully expressed. When grown in the presence of antibiotic, the bacterial survival rate decreased and the antibiotic inhibition zone became larger with the increase of the mOmpF. It was concluded that concentration of high-grade mutant mOmpF dramatically influenced the bacterial survival rate. The study presented here may provide insights into better understanding of the relationships between structure and function of OmpF.
INTRODUCTION
Antibiotic resistance has been frequently reported in clinical Gram-negative bacteria responsible for a large number of antibiotic resistant bacterial diseases and has been a serious problem that urgently needs to be addressed (Pages et al., 2008) . Antibiotic resistant E. coli strains are considered a classic sample. As for the antibiotic resistance mechanisms, many bacterial strategies have been presented, mainly including limitation of the intracellular access to an antibiotic, production of detoxifying enzymes by enzymatic barrier to degrade or modify the antibiotic and the target protection barrier impairing target recognition and thus the antimicrobial activity (Davin-Regli et al., 2008; Jaffe et al., 1982) . It has been reported that antibiotic translocation through the OMP porin of Gram-negative bacteria is the first key step for an antibiotic to act on its specific intracellular targets (Masi & Pages, 2013) . Thus, OMP is the first line of defense of Gram-negative bacteria against external toxic compounds such as antibiotics. Three major OMP porins of very similar sequences and three-dimensional structures have been extensively studied, termed OmpF, OmpC and PhoE (Nikaido, 2003) , among which, OmpF and OmpC are considered to be homologues and exhibit a slight preference for cations, whereas PhoE plays more important roles in the transport of inorganic phosphate and anions (Schulz, 2002; Koebnik et al., 2000) .
OmpF is one of the most important porins and widely found in E. coli. A number of studies on bacterial antibiotic resistance closely correlating with OmpF porin have been reported. Dupont et al reported that OmpF is involved in the control of β-lactams and fluoroquinolones penetration through enterobaccterial outer membrane (Jaffe et al., 1982; Dupont et al., 2007) . Yigit et al suggested that repressed expression of OmpF results in imipenem resistance and decreased susceptibility to meropenem and cefepime in Enterobacter aerogenes (Yigit et al., 2002) . Cohen et al proposed that reduction in OmpF levels should be taken into account for the marA-dependent fluoroquinolone resistance (Cohen et al., 1989) . OmpF has also been proved, by proteomics technologies, to be related to the transportation of ruthenium complexes through cell membrane and OmpF porin plays a key role in the transportation of positively charged polypyridyl chlororuthenium complexes into E. coli (Ho et al., 2010) . OmpF porin is known to play an important role in the uptake of fluoroquinolone antibiotics by bacteria and binding of fluoroquinolone antibiotic ciprofloxacin to OmpF in a lipid membrane environment is necessary for such uptake (Fernandes et al., 2007) . Moreover, it has been also reported that OmpF plays essential roles in the acid resistance of E. coli in the presence of arginine and lysine (Bekhit et al., 2011) .
OmpF is considered to be the primary gateway for antibiotics to enter into the cell (Nikaido, 2003) . E. coli OmpF is a well-defined porin which allows the diffusion of molecules of sizes up to 600 Daltons and thus allows many hydrophilic antibiotics to permeate across the membrane and subsequently enter into cells (Bredin et al., 2003) . Structure of OmpF has been well characterized. The E. coli OmpF is a trimer comprised of 16-stranded anti-parallel b-barrels (Cowan et al., 1992) . It has eight short turns (T1-T8) on the periplasmic side and eight long loops (L1-L8) on the extracellular side connecting the antiparallel β-strands. L3 loop is particularly long consisting of 33 residues and is a keystone of the channel architecture, constributing to the high conductance and cationic selectivity of OmpF. The structure of OmpF changes in different conditions. Kefala and coworkers (2010) reported two OmpF structures, one is refined in space group P21 resolved at the resolution of 3.8 Å and the other is refined in the P321 space group resolved at the resolution of 4.4 Å (Kefala et al., 2010) .
Nevertheless, high-grade mutant OmpF and its function in decreasing bacterial survival rate have not been reported yet. In the present study, we cloned a highgrade mutant OmpF from an isolated antibiotic resistant E. coli strain and explored its activities in decrease of bacterial survival rate when grown in the presence of antibiotics. The present study may provide insights into better understanding of the relationships between structure and function of OmpF.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The multiantibiotic resistant E. coli strain was isolated as described in our previous study (Zhao et al., 2013) and grown at 37°C in LB medium containing 50 μg/mL ampicillin, 30 μg/mL streptomycin. E. coli DH5α and BL21 (DE3) strains were grown at 37°C in LB medium supplemented with 50 μg/mL kanamycin if necessary.
Cloning and sequencing of mOmpF. Genomic DNA of the isolated multi-antibiotic resistant E. coli strain was purified from 1 mL of an overnight grown cell culture using the Bacterial DNA Extraction Kit (Omega, USA) according to the manufacturer's instructions. mOmpF forward primer sequence (5'-CGGAATTCAT-GATGAAGCGCAATATTCTGGC-3') and mOmpF reverse primer sequence (5'-CCCAAGCTTGAACTGG-TAAACGATACCCACAGCAAC-3') were designed according to the reported OmpF sequence (Accession No. HG738867.1). EcoRI and HindIII restriction sites were added to the 5'-terminal of mOmpF forward and reverse primers, respectively. PCR was carried out by using Pfu DNA polymerase (Promega) at 94°C for 5 min, followed by 30 cycles of 94°C for 30 s, 55°C for 30 s and 72°C for 2 min. The amplified mOmpF product was purified with Omega DNA Purification Kit and digested with EcoRI and HindIII and subsequently ligated into pET28a cut with the same restriction enzymes, resulting in the mOmpF expression vector pET28-mOmpF. The expression vector was then sequenced by the Shenzhen Huada Genomics Institute (China) and analyzed with DNA-MAN software. After sequencing, the expression vector was transformed into the E. coli BL21 (DE3) strain.
Expression of mOmpF. A 10-mL culture of LB medium supplemented with 50 μg/mL kanamycin was incubated with a single colony of BL21/pET28-mOmpF and grown overnight at 37°C with vigorous shaking. In a 100-mL culture of LB medium containing 50 μg/ mL kanamycin, 1 mL of the overnight grown cell culture was inoculated. The culture was incubated for about 2 h until the OD 600 reached 0.6-0.8 and then induced by the addition of IPTG to a final concentration of 1 mM. 1 ml of sample was collected at 0 min, 20 min, 40 min, 1 h and 2 h, respectively, after induction under the same growth conditions. Induced samples were collected by centrifugation at 7000×g for 1 min at 4°C and then washed twice with PBS buffer. The treated samples were boiled for 5 min and then analyzed by SDS/PAGE on a 12% gel.
Effects of mOmpF on the survival rate of bacteria. For all the experimental analysis, the expressed cell culture was adjusted to an OD 600 of 0.7 and then diluted 2×10 5 -fold with LB medium. Then, 50 μL of the diluted suspension was plated on the LB agar medium in the presence and absence of kanamycin, respectively. Each experiment was repeated 3 times. The survival rate R was estimated by
, in which N 1 is the number of bacteria that have grown in LB agar medium in the absence of kanamycin and N 2 is the number of bacteria that have grown in LB agar medium in the presence of kanamycin. Effects of mOmpF on the inhibition zone. Induced BL21/pET28-mOmpF cell culture was adjusted to an OD 600 of 0.4. LB agar (1.5%) medium was first placed in a plate, then 100 μL of the cell suspension was added to 100 mL of the LB agar (0.7%) medium and subsequently overlaid on the LB agar (1.5%) medium. Wells were prepared by Oxford cup. In each well, 25 μL of 50 mg/mL kanamycin was added and cultured at 37°C for about 8 h. The diameter of the inhibition zone extending laterally around the well was measured by vernier caliper. Each experiment was repeated 3 times.
RESULTS

Cloning of the mOmpF
The length of the mOmpF fragment was approximately 1100 bp as expected. However, sequence analysis implied that the length of the ORF of the mOmpF was 903 bp, which was dramatically mutated compared with the model 1020 bp OmpF. The mOmpF sequence shared only 54.5% homology with the model OmpF as measured by DNAMAN software. The stop codon "TGA" was unexpectedly located at the 904 bp and thus changed the length of mOmpF ORF. Consequently, the amino acid sequence of the mOmpF was also dramatically mutated compared with the model OmpF and it was only 44.6% identical to that of the model OmpF, as shown in Fig. 1 . The model OmpF comprised 340 amino acid residues, whereas the mOmpF contained only 301 amino acid residues. Apparently, the C-terminus of mOmpF shared very little homology with the model OmpF. The mutant rate was up to 96.6% from the 283rd to 340th amino acid residues at the C-terminus. Furthermore, structure predication of mOmpF and OmpF by a Swiss-model indicated that the three-dimensional structure of mOmpF was hugely altered compared to that of the model E. coli K-12 OmpF (not shown). To further identify the accuracy of sequencing, two other clones were simultaneously sequenced and their sequences turned out to be completely the same.
OmpF porin exists in the form of homotrimers of identical subunits, each consisting of a 16-stranded anti-parallel β-barrel with eight short turns (T1-T8) and eight long loops (L1-L8). The eight shorts turns and eight long loops are crucial to the structure and function of OmpF. Alterations of the OmpF amino acid residues result in the mutations of the 16 strands, the short turns and the eight long loops. The number of mutant codons from strand 1 to strand 16 was 6, 3, 3, 2, 1, 1, 3, 8, 10, 3, 7, 5, 8, 10, 8 and 10, respectively. Consequently, the mutation rate was 37.5%, 21.4%, 25%, 22.2%, 14.3%, 12.5%, 25%, 61.5%, 90.9%, 25%, 63.6%, 38.5%, 53.3%, 100%, 80% and 100% for strands 1 to 16, respectively. It is apparent that the strands were all mutated at different levels. It also follows that the mOmpF comprises only 15 strands because of the alteration. The number of mutant codons was 1, 1, 2, 1, 1, 0, 0 and 2, for short turns (T) T1 to T8, respectively. Thus, the mutation rate was 100%, 50%, 100%, 12.5%, 50%, 0, 0 and 100% for T1 to T8, respectively. The number of mutant codons of long loops (L) from L1 to L8 was 10, 11, 16, 7, 8, 13, 11 and 15, respectively. And the mutation rate from L1 to L8 was 71.4%, 64.7%, 48.5%, 87.5%, 53.3%, 76.5%, 100% and 100%, respectively. The experimental observations indicated that mOmpF was markedly mutated compared to that of the model OmpF.
Expression of mOmpF and the effects on the bacterial survival rate
SDS/PAGE implied that the mOmpF protein was successfully expressed because an approximately 40 kDa protein band was observed as expected (see Fig. 2 ). No similar band was present in the control sample containing only pET28a plasmid after induction with IPTG. As expected, expression of the mOmpF protein significantly affected the survival of the BL21 host strains (see Table 1 ). The clone numbers of BL21/pET28a and BL21/pET28-mOmpF grown in LB agar medium in the absence of 50 μg/mL kanamycin were 123 and 80, respectively. However, those in the presence of 50 μg/mL kanamycin were 91 and 0. Thus, the survival rates of BL21/pET28a and BL21/pET28-mOmpF were 73.98% and 0, respectively. There was a 31 mm kanamycin inhibition zone with BL21/pET28-mOmpF, but none with BL21/pET28a. It could be concluded that the expression of mOmpF hugely affected the survival of BL21 host strains.
Effects on the bacterial survival rates by different concentrations of mOmpF
Abundance of mOmpF plays critical roles in the permeation of antibiotics and the bacterial survival rate. To further explore the relationship between the mOmpF concentration and the bacterial survival rate, optimal induction time of mOmpF was studied. Samples induced for 0 min, 20 min, 40 min, 60 min and 120 min were assayed by SDS/PAGE. Protein bands for different induction times are shown in Fig. 3 , which indicates that the band for 60 min induction is as bright as that for 120 min and brighter and wider than that for 20 min and 40 min, respectively. Therefore, 60 min is the optimal in- duction time. Comparison of the growth rate of BL21/ pET28-mOmpF with that of BL21/pET28a is shown in Fig. 4 . It is clearly revealed that the growth rate of BL21/pET28-mOmpF was almost the same as that of the BL21/pET28a. All induced samples were plated on LB agar medium after serial dilution in the absence and presence of 50 μg/mL kanamycin. The number of clones of samples induced for 0 min, 20 min, 40 min, 60 min and 120 min grown in the LB agar medium in the absence of 50 μg/mL kanamycin was approximately 80. However, growth in the presence of 50 μg/mL kanamycin was strongly repressed and the clone numbers were 60, 12, 7, 1 and 0, respectively, as seen in Table 2 . Consequently, the survival rate for samples induced for 0 min, 20 min, 40 min, 60 min and 120 min was 75%, 15%, 8.64%, 1.25% and 0, respectively. The abundance of mOmpF has remarkable effects on the size of inhibition zone, as shown in Table 3 . The inhibition zone is larger for the sample induced for a longer time. It could be concluded that concentration of mOmpF remarkably affects the bacterial survival rate.
DISCUSSION
In the present study, we cloned a high-grade mutant OmpF from an isolated multiple antibiotic resistant E. coli strain. Sequence alignment indicated that the mOmpF DNA sequence was 54.5% identical to that of the model OmpF and the amino acid sequence shared only 44.6% homology. Experimental results suggested the high-grade mutant mOmpF still plays very important roles in decrease of bacterial survival rate.
It is known that OmpF is composed of 16 strand anti-parallel β-barrel with eight short turns (T1-T8) and eight long loops (L1-L8) (Cowan et al., 1992) . In the present work, we revealed that the DNA sequence of the mOmpF was high-grade mutated when compared to that of the model OmpF and shared only 54.5% homology, thus leading to a very low similarity in amino acid sequence. Data revealed that all of the 16 stands were mutated. All loops and short turns, except T6 and T7, were also mutated. L3 is the longest loop and contributes to a constriction of the channel where the charge distribution affects ion selectivity. Furthermore, L3 folds inside the barrel and thus affects the size of the porin (Cowan, 1995) . The mOmpF in this study, with the L3 mutated at 48.5%, still possessed excellent activities in antibiotic permeation, suggesting the mutations in L3 may have no significant effects on the entrance of antibiotics into cells. It has been reported that a deletion mutant of L3 (Δ109-114) decreases the signal channel conductance by one third and drastically changes the ion selectivity . Lou and coworkers (1996) pointed out that a deletion mutation of the six residues (Δ109-114) results in disorder of seven adjacent residues but does not alter the structure of the β-barrel framework . It is presumable that the mOmpF will change the channel conductance and ion selectivity and will not changed the configuration of the β-barrel. It has been well-characterized that L3 determines the OmpF eyelets and alteration of amino acid residues (113-124) will modify the eyelets (Chevalier et al., 1999; Simonet et al., 2000) . On the other hand, as observed in Fig. 1 , the amino acid residues Val104, Val105, Ala108, Leu109, Tables 1-3 suggest that the above eleven mutated amino acids may not play important roles in L3 and the permeation of antibiotics. Furthermore, mutation at the C-terminus will not affect the function of mOmpF in decreasing of bacterial survival rate, as revealed in Fig. 1 and Table 1 -3. OmpF is the main outer membrane of E. coli allowing the diffusion of small hydrophilic molecules, such as nutrients, waste products and antibiotics, across the outer membrane (Bredin et al., 2003) . Permeation through the outer membrane is the key step for an antibiotic to act on its specific intracellular target, and thus to control the permeability of the outer membrane is the first line defense to protect against antibiotics (Masi & Pages, 2013) . Additionally, it has been well understood that inhibited expression of OmpF will lead to bacterial antibiotic resistance (Kishii & Takei, 2009) . As shown in Fig. 3 , the quantity of mOmpF expressed increases until 1 h after induction; the data together with Tables 2 and 3, suggest that high level expression of OmpF leads to a low survival rate of the bacteria and larger antibiotic inhibition zone. It has been well characterized that the outer membrane proteins play crucial roles in the permeation of antibiotics. James et al proved that concentration of outer membrane protein omp36 in Enterobacter aerogenes affects influx of β-lactams, measured by conductance (James et al., 2009) . However, change of concentration of an antibiotic in the host strain should be determined for further demonstration of the mOmpF functions in antibiotic permeation. Additionally, much more attention should be paid to the immunogenic characterization of mOmpF in the next step.
